INTRODUCTION
============

Pulmonary fibrosis occurs as a wound-healing process after many forms of pulmonary injury that is induced by a variety of factors. However, chronic inflammation and pulmonary fibrosis can be developed without any known causes in certain cases. That is classified as idiopathic interstitial pneumonias (IIPs) ([@b18-molcell-37-2-133-7]). Idiopathic pulmonary fibrosis (IPF) is the most common type of IIP ([@b16-molcell-37-2-133-7]; [@b18-molcell-37-2-133-7]), and is considered to be the most severe form of pulmonary fibrosis, with a 50% mortality rate three years after diagnosis ([@b10-molcell-37-2-133-7]).

Until 2009, no approved medication to treat IPF existed. Recently, pirfenidone was approved for the treatment of patients with IPF in Japan ([@b13-molcell-37-2-133-7]) for its effectiveness on suppressing fibrosis *via* inhibition of TGF-β-induced collagen synthesis ([@b8-molcell-37-2-133-7]). Although pirfenidone had a therapeutic effect on lung functional deterioration and disease progression in patients with IPF ([@b20-molcell-37-2-133-7]), it could not regenerate the damaged tissue.

To regenerate the damaged tissues, stem cell therapy has been tried for IPF. The different studies have shown that adult stem cells contribute to preventing fibrosis progression, repair and remodeling of lung in animal models of pulmonary fibrosis ([@b2-molcell-37-2-133-7]; [@b11-molcell-37-2-133-7]). The first and the most important suggested mechanism of stem cell therapy is a cell replacement - replacement of damaged cells by brand new stem cells. However, they showed us only existences of transplanted stem cells in recipient tissue by labeling stem cells ([@b21-molcell-37-2-133-7]) sex specific genes or by male-specific markers such as Sry ([@b22-molcell-37-2-133-7]) not direct evidences of replacement. Even more, the numbers of transplanted stem cells were rather small to change the function of whole tissue.

More recently, there is increasing experimental evidence for re-program injured cells to repair damaged tissues by the materials, which were released from transplanted stem cells not by themselves. Microvesicle released from mesenchymal stem cells, resulting in a horizontal transfer of mRNA, microRNA and proteins which can regulated the target cells ([@b7-molcell-37-2-133-7]). The transfer of gene products from stem cells may explain the therapeutic effects of stem cell transplantation without the need of trans-differentiation into tissue cells ([@b4-molcell-37-2-133-7]).

In this respect, we try to examine the two possible mechanisms of pulmonary function restoration after human mesenchymal stem cell (hMSCs) transplantation by examining direct differentiation of transferred hMSCs into lung cell using human sequence specific RT-PCR and checking the effect of stem cell-derived microvesicles.

MATERIALS AND METHODS
=====================

Human mesenchymal stem cells and microvesicle preparation
---------------------------------------------------------

Bone marrow-derived human mesenchymal stem cells (hMSCs) were purchased from Lonza (Switzerland) and cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (Gibco, Invitrogen, USA) at 37°C in a 5% CO~2~ atmosphere ([@b19-molcell-37-2-133-7]).

Microvesicles were isolated from conditioned media of hMSCs by using the ExoQuick (SBI Biosciences, USA). Briefly, 10 ml of cultured medium (centrifuged at 5,000 × *g* for 5 min) was mixed 2 ml of ExoQuick precipitation solution and incubated overnight at 4°C. After incubation, exosomes were precipitated at 5,000 × *g* for 30 min. Pellets were washed with phosphate buffered saline (PBS), and concentrated with centrifugation.

Construction of mice fibrosis model
-----------------------------------

Female BL/6J mice (5 weeks old) were purchased from Japan SLC, Inc. (Japan) and randomly divided into two fibrosis groups and a normal control group. First fibrosis group received 200 μg of silica per kg of body weight by intratracheal injection.

Mice receiving silica group were then injected with hMSCs (2 × 10^5^ cells in 100 μl PBS) or microvesicle (10 μg in 100 μl PBS) released from hMSCs *via* the tail vein under *anesthesia* at 12 weeks and 14 weeks ([Fig. 1](#f1-molcell-37-2-133-7){ref-type="fig"}). All the mice were weighed once a week. All care and experimental procedures for the mice were performed under the guidelines of Hanyang University Policy for Experiments in Animals, and all protocols were approved by the IACUC of the Hanyang University.

Wet/dry ratio determination
---------------------------

After the animals were sacrificed, the right upper bronchus lobe was tied with a string. Following BAL of the right lung, right lungs were removed for histological analysis. The left lung lobes were removed and then placed in a desiccant in an oven at 60°C and re-weighed after 24 h. Dry weights were recorded when they remained constant on successive days.

Bronchial alveolar lavage procedure
-----------------------------------

The BAL fluid was recovered from each animal and BAL cells were collected using clinical centrifugation. Cytocentrifuge slides of BAL cells were fixed in methanol, and stained with Diff-Quik. Five hundred leukocytes were counted and foamy macrophages were enumerated as described previously ([@b3-molcell-37-2-133-7]).

Histological analysis
---------------------

Lungs used for histology were inflation fixed with 10% (v/v) buffered formaldehyde, dehydrated with a series of graded ethanol, and embedded in paraffin. Specimens were sliced into 4-μm-thick sections and stained with H&E or Masson's trichrome to evaluate collagen production. Microscopic examination was performed and photographed under a regular light microscope.

Fibrosis volume was quantified with Masson's trichrome staining as the area stained positive for collagen. Fibrotic and non-fibrotic areas were calculated by integrating ten fibrosis section volumes, where fibrosis volume was defined as (blue area/total area) × (weight of each section/total weight of 10 sections) × 100%.

Nested RT-PCR (reverse transcription-PCR) and sequencing
--------------------------------------------------------

Total RNA was isolated from liver tissue using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. The cDNA was prepared using a Superscript III kit (Invitrogen) according to the manufacturer's instructions. The human surfactant protein B (SFTPB) cDNA was amplified by PCR (30 s 94°C, 45 sec at 66°C, and 45 s at 72°C for 35 cycles) using the 1^st^ hSFTPB forward primes and 1^st^ hSFTPB reverse primers d(GCC CCG ACC TTT GAT GAG AA) and d(GCA GTG GCT GGT TTT TCC TG), respectively, which amplify a 371 bp sequence, followed by a second PCR with the 2^nd^ hSFTPB forward primes and 2^nd^ hSFTPB reverse primers d(AAA GAA GCC TCA GCT CCC ACA CCG) and d(AGG CTG CAG AGC TCC TCC AGA TG) nested primers, respectively, which amplify a 195 bp sequence. The primers used for PCR amplifying mβ-actin mRNA were d(GGA CTC CTA TGT GGG TGA CGA GG) and d(GGG AGA GCA TAG CCC TCG TAG AT).

Amplified DNAs were purified by using PCR/Gel Combo kit (NucleoGen, Korea). And the DNA sequencing was performed at Genotech (Korea). The DNA sequences were compared and aligned using ClustalW 2.0 program ([www.ebi.ac.uk/clustalw](www.ebi.ac.uk/clustalw)).

Western blot
------------

Protein extracts were obtained from liver tissue and lysed by sonication in PBS containing 1 mM PMSF and protease inhibitor cocktail (Sigma-Aldrich, USA). Proteins were resolved by 12.5% SDS-PAGE and transferred to a PVDF membrane (Millipore, Italy). The membrane was blocked for 1 h in a 5% skim milk solution and then incubated with polyclonal rabbit anti-mouse collagen type I antibody (1:500 dilution) (Chemicon, USA) or polyclonal rabbit anti-mouse SMA-α antibody (1:1000 dilution) (Abcam, USA) for 2 h at room temperature, respectively. The unbound primary antibodies were removed with one 15 min and two 5 min washes in PBS containing 0.1% (v/v) Nonidet P-40. Then, the membrane was incubated with horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (Ab Frontier, Korea) for 2 h at room temperature. The target protein was detected by ECL solution (Amersham Biosciences, USA) using X-ray film.

Human specific nuclear antigen detection
----------------------------------------

Sections of the fixed embedded tissues were cut to 4 μm thickness, and on placed onglass slides. The sections were deparaffinized and rehydrated. The sections were incubated in blocking buffer for 1 h at room temperature to block non-specific binding. The anti-human nuclei monoclonal antibody (1: 100 dilution) (Millipore, Italy) was used as a primary antibody. Sections were incubated overnight at 4°C. Bound primary antibody was detected by addition of FITC conjugated mouse IgG secondary antibody (1:32 dilution) (Ab frontier, Korea) for 1 h at room temperature. 6-diamidino-2-phenylindole (DAPI) (USB, USA) was used to stain the nuclei.

Statistical analysis
--------------------

All quantitative data are expressed as mean ± standard deviation. Statistical analysis was performed with one-way analysis of variance (ANOVA) using SPSS software (SPSS Inc., USA). A value of *p* \< 0.05 was considered statistically significant.

RESULTS
=======

Wet/dry weight changes
----------------------

To measure the pulmonary edema, we determined the wet/dry weight of whole lungs. After 16 weeks of silica treatment, the mice were sacrificed and tissues removed. [Figure 2](#f2-molcell-37-2-133-7){ref-type="fig"} shows edema formation in idiopathic pulmonary fibrosis as indicated by increased silica treated lung weight and an increase in wet-to-dry weight ratio. Silica treated mice showed significantly higher lung lobe weight and wet-to-dry weights of lung than sham-treated mice ([Fig. 2](#f2-molcell-37-2-133-7){ref-type="fig"}, p = 0.018, p = 0.003, respectively). There is no significance of lung weight among silica treated mice, hMSC and microvesicle treated mice ([Fig. 2A](#f2-molcell-37-2-133-7){ref-type="fig"}). But, the transplantation of hMSCs into silica treated mice reduced the wet/dry ratio meaningfully ([Fig. 2B](#f2-molcell-37-2-133-7){ref-type="fig"}, p = 0.049). For microvesicle transplanted group was a tendency, though not significant, of decreased wet/dry ratio ([Fig. 2B](#f2-molcell-37-2-133-7){ref-type="fig"}, p = 0.064).

Effects hMSC or microvesicle treatment on BAL cells in silica induced fibrosis model mice
-----------------------------------------------------------------------------------------

After 16 weeks of silica treatment, BAL cells were collected, cytospin onto slides, and stained with Diff-Quick for determination of cellular differentials. The lung tissues were stained with H&E and Masson's trichrome to evaluate histopathologic changes and tissue fibrosis.

Numbers of inflammatory cells such as macrophage ([Fig. 3A](#f3-molcell-37-2-133-7){ref-type="fig"}), Neutrophils ([Fig. 3B](#f3-molcell-37-2-133-7){ref-type="fig"}) and lymphocytes ([Fig. 3C](#f3-molcell-37-2-133-7){ref-type="fig"}) were significantly increased in silica treated fibrosis model. Treatment of both hMSCs or microvesicle released from hMSC meaningfully decreases the numbers of total BAL cells as well as neutrophils and lymphocytes in silica induced fibrosis model mice. Treatment of hMSC or microvesicle not only decreased the numbers of BAL cells but also they decreased the percentage of foamy macrophages among the total macrophages ([Fig. 3D](#f3-molcell-37-2-133-7){ref-type="fig"}). Previously, we had reported that the percentage of foamy macrophages among the total macrophages in the BAL fluid was directly associated with extend of fibrosis and the concentration of apoA1 in BAL fluid ([@b9-molcell-37-2-133-7]). As shown in [Figs. 3D](#f3-molcell-37-2-133-7){ref-type="fig"} and [4](#f4-molcell-37-2-133-7){ref-type="fig"}, numbers of foamy macrophages were increased as other fibrosis model, however treatment of both hMSCs and microvesicle derived from hMSC decreased the numbers of foamy macrophage.

Reduction of fibrosis by hMSCs or Microvesicle treatment
--------------------------------------------------------

The degree of lung fibrosis was evaluated histologically using Masson's trichrome staining. Fibrosis developed in the lung parenchyma of silica treated mice. However, 12 weeks and 14 weeks after hMSC treatment, the degree of inflammation and Masson's stained area and density were decreased ([Fig. 5B](#f5-molcell-37-2-133-7){ref-type="fig"}). Also, treatment of microvesicle decreased the Masson's trichrome staining area. For quantification of histological data, we examined the tissue slides from all lung sections, and the results are expressed as percentages. As shown in [Fig. 5C](#f5-molcell-37-2-133-7){ref-type="fig"}, the area occupied by blue-stained collagen was decreased significantly by both hMSC transplantation (60.7% vs. 39.4%, *p* = 0.047) and microvesicle treatment (60.7% vs. 55.5%).

The amounts of collagen I and SMA-α, which was mainly deposited in fibrotic area of lung ([@b12-molcell-37-2-133-7]; [@b17-molcell-37-2-133-7]), were measured by Western blot analysis of lung crude extracts. As shown in [Fig. 6A](#f6-molcell-37-2-133-7){ref-type="fig"}, amount of collagen I was increased in fibrosis model however, it was meaningfully decreased after hMSCs transplantation or microvesicle treatment. On the other hand, amount of SMA-α was only significantly decreased in hMSCs treated group ([Fig. 6B](#f6-molcell-37-2-133-7){ref-type="fig"}).

Detection of differentiated hMSCs in mouse lung tissues
-------------------------------------------------------

To detect hMSCs in transplanted mice lung, we used human nuclear antigen specific antibody. As shown in [Fig. 7A](#f7-molcell-37-2-133-7){ref-type="fig"}, human originated cells were detected (arrow indicated) in lung tissues. These data were well matched with our previous report ([@b6-molcell-37-2-133-7]). To examine whether transplanted hMSCs developed into functionally active lung cells or not, we conducted RT-PCR. Total RNAs were extracted from lung tissue and reverse transcribed with oligo dT primers. As shown in [Fig. 7B](#f7-molcell-37-2-133-7){ref-type="fig"}, the gene expression of human surfactant protein B (hSFTPB), a marker of differentiated lung II cells ([@b5-molcell-37-2-133-7]), was found only in hMSC transplanted mouse lung according to RT-PCR. The amplified PCR products showed 100% sequence homology to the human SFTPB ([Fig. 7C](#f7-molcell-37-2-133-7){ref-type="fig"}). In addition, the primers that we used in RT-PCR were specific to different exons within the human SFTPB gene. These results suggest that transplanted hMSCs directly differentiate into functional lung I cells.

DISCUSSION
==========

Stem cells have a potential to be differentiated into special tissues, so they have attract attention as a candidate therapy for degenerative diseases. Idiopathic pulmonary fibrosis is a good example of degenerative disease, which is currently no method was developed to restore normal structure and function.

In fact, there are several reports on therapeutic effect of various stem cell transplatation on pulmonary fibrosis model ([@b15-molcell-37-2-133-7]). They mainly used bleomycin induced fibrosis model. There are several methods to produce an animal model for pulmonary fibrosis animal model including exposure to bleomycin, fluorescein isothiocyanate (FITC) or silica; irradiation; or expression of specific genes through delivery of a viral vector or utilization of a transgenic system ([@b14-molcell-37-2-133-7]). Though intratrachea bleomycin model is well characterized model for pulmonary fibrosis, however, this model has a limitations; lacks of fibroblastic foci, hyperplastic epithelium, and temporal heterogeneity. Most of all, pathological findings of bleomycine model look like an acute lung injury model than a fibrosis model. In this point of view, we choose silica induced fibrosis model to compensate the weak point of bleomycin model. Though silica induced fibrosis model has some limitations but validation of stem cell therapy potential using another model is quite important.

As in results section, silica induced fibrosis models were successfully constructed in Wet/dry ratio, BAL cell numbers and morphology and tissue histology. And transplantation of hMSCs significantly reduced every aspects of pulmonary fibrosis as above. Recently, we had reported that transplantation of hMSCs showed us a good therapeutic effect on liver fibrosis and also, we had succeeded to find the direct evidence of development of hMSCs into functionally active hepatocytes ([@b6-molcell-37-2-133-7]). At that time, we had used cy5.5 labeled SPIO molecule to stain hMSCs and chased the transplanted hMSCs. Labeled hMSCs distributed in all internal organ, however, relatively large stained population was found in the lung. In the silica induced pulmonary fibrosis model mice, relatively large amount of hMSCs were found in recipient lung tissue ([Fig. 7A](#f7-molcell-37-2-133-7){ref-type="fig"}) as our previous data. Sequence analyses of amplified DNA sequence by RTPCR revealed that human SFTPB gene was expressed in mice lung. These data suggested that transplanted hMSCs successfully incorporated and developed as functional lung cells.

In the other hand, we examined the therapeutic potential of microvesicle or sometimes called microvesicle from hMSCs. As described in introduction session, series of reports on the therapeutic effects of microvesicle released from stem cells transferring genetic or non-genetic material ([@b1-molcell-37-2-133-7]). We observed the microvesicle released from hMSCs had therapeutic effects on silica induced pulmonary fibrosis without transferring hMSCs. Microvesicle alone, it reduced the recruitment of inflammatory cells into airways ([Figs. 3](#f3-molcell-37-2-133-7){ref-type="fig"} and [4](#f4-molcell-37-2-133-7){ref-type="fig"}), collagen deposition in lung parenchymal ([Figs. 5](#f5-molcell-37-2-133-7){ref-type="fig"} and [6](#f6-molcell-37-2-133-7){ref-type="fig"}).

In conclusion, the systemic administration of hMCSs effectively reduced the airway inflammation and collagen deposition that is typically observed in silica induced pulmonary fibrosis models. They were properly incorporated and developed as lung tissue. However, microvesicle released from hMSCs also reduced silica induced pulmonary fibrosis. These data suggest that stem cell transplantation may be an effective strategy for the treatment of pulmonary fibrosis *via* modulation of microenvironment of injured lung by mechanism of direct substitution and this novel role of microvesicle highlights a new perspective into intercellular mediation of tissue injury and repair, and engenders novel approaches to the development of biologics for tissue repair.
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![Schematic representation of silica induced pulmonary fibrosis model with hMSC or MV treatment. The SiO~2~-induced IPF mice model was treated with hMSC or MV. IT, intratracheal; IV, intravein treated.](molcell-37-2-133-7f1){#f1-molcell-37-2-133-7}

![The effect MSC or MV treatment on lung wet/dry ratio with silica induced pulmonary fibrosis in mice. Female C57BL/6J mice were randomly divided into four groups with five mice in each group: control, pulmonary fibrosis, hMSC treated and MV treated group. (A) Weight of left upper lobe of the lung. (B) The wet-to-dry ratio of left upper lung lobe (^\*^p \< 0.05).](molcell-37-2-133-7f2){#f2-molcell-37-2-133-7}

![The inflammatory cell distribution in BAL fluid of pulmonary fibrosis model mice with hMSC or MV treatment. BAL fluids were collected and analyzed for the numbers of macrophages (A), neutrophils (B) and lymphocytes (C). The number of neutrophils, lymphocytes, and macrophages in the BAL fluid increased in pulmonary fibrosis model and treatment of hMSCs or MV reduced the number of inflammatory cells in BAL fluid. Treatment of hMSCs or MV decrease the percentage of foamy macrophages among total alveolar macrophages (D).](molcell-37-2-133-7f3){#f3-molcell-37-2-133-7}

![Diff-quick staining of BAL cells. Numbers of total BAL cells were increased in silica induced fibrosis model (B), however treatment of hMSC or MV driven hMSC significantly decreased the BAL cells in the airway (C, D). Foamy macrophages were indicated with arrow head.](molcell-37-2-133-7f4){#f4-molcell-37-2-133-7}

![Effect of hMSCs or microvesicle transfer on collagen deposition in lung tissues. Collagen deposition in the lungs was analyzed using Masson's Trichrome stain (B). Stained areas were quantified using NIH Image J software (<http://rsb.info.nih.gov/ij/>). (C) ^\*^p \< 0.05 compared with the fibrosis group.](molcell-37-2-133-7f5){#f5-molcell-37-2-133-7}

![Collagen I and SMA-α expression following hMSCs or MV treatment. Concentrations of type I collagen and Smooth muscle actin-α were measured by Western blot analysis (A) followed by densitometric quantification (B).](molcell-37-2-133-7f6){#f6-molcell-37-2-133-7}

![The Detection of functionally differentiated hMSCs in mouse lung. Representative images of H&E staining immunofluorescent staining for human-specific nuclear antigen (HuNu, green) (A). Detection of lung-specific human *sftpb* (surfactant protein B) expression by RT-PCR (B). Amplified cDNA sequence was determined and compared with mouse (NM_001282071) and human SFTPB (NM_000542) cDNA sequences.](molcell-37-2-133-7f7){#f7-molcell-37-2-133-7}
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